
CO

K L I*ROJ!.jNCTf ION BIPOLAR i7P. tsisermts

Bn~rl. 'BJayn'~ktaroght

r xIns tiw e~n t s
I 35 N. Cetral Ex-rressway
Dali Tel-az 75265

Sifo

O'i of N~ -,W Rct:earcll IM" 3M STA~' A_
00O N" QuilICy Street I Apuv d 'k publa le**

The Aiews; and conclusions cuntained in this do imvnt km: kllt
miho~;ad si-l- not b& inteq~-eted its ri cssarily tpreseitioi "Ic offi~l

pohidi , c'ith ~'IresSed or' iivplied, 4j the D~eft- se Advant, Research
PoiyAgpewv tbe United S tes i wemmrn.



REPORT DOCUINTATION 1. REPORT NO. 2. 14. Recplpent's Acession No.

PAGE
4. Title and Subtitle 5. Report Date

EHF Heterojunction Bipolar Transistors 15 January 1990

6.
/

7. Author(s) 8. Performing Organization
B., Bayraktaroglu and T. Henderson Rept. No.

08-90-01-0613INT
9. Performing Organization Name and Address 10. Project/Task/Wok Unit No.
Texas Instruments
1 3 5 0 0 N . C e n tral E x p re s s w a y 1 1 _ o t a t_ _ _ r G a n _G _ o
Dallas, Texas 75265 11t. Contract (C) or Grant (G) No.(c) N000014-88-C-0613

(G)
12. Sponsoring Agency Name and Address 13. Typ of Report and Period
Office of Naval Research Covered
800 North Quincy Street Technical
Alrington, VA 22217-5000 1 Nov 88-31 Dec 89

14.

15. Supplementary Notes

16. Abstract (Limit 200 Words)
Progress has been made in the fabrication of InAlAs/InGaAs HBTs on both InP and GaAs substrates,

high gain pnp HBTs, and the optimization of AIGaAs/InGaAs/GaAs HBTs for EHF applications. The
first successful demonstration of InGaAs/AJGaAs HBT structures on GaAs substrates was made using
MOCVD grown InP buffer layers. The performance of both S-HBT and D-HBT structures grown on InP
and GaAs substrates was compared. A comprehensive mask set was designed and fabncated for
millimeter-wave evaluation of HBTs.

17. Document Analysis
(a) Descriptors

HBT, GaAs, InGaAs, AIGaAs, InP, EHF

(b) Identifiers and Open-Ended Terms

(c) COSATI Field/Group
0901

18. Distributlon Statement 19. Securty Class (This Report) 21. No. of Pages

Unclassified I20, ,s , 20. Security Class (This Page) 22. Price

UNJL, rI 7EJ Unclassified



TABLE OF CONTENTS
SECTION TITLE PAGE

1. SUMMARY OF PROGRAM GOALS.....................................1I
11. PROGRESS..............................................................2
111. FUTURE PLANS.......................................................17

LIST OF ILLUSTRATIONS
FIG URE PAGE

1 Common Emitter I-V Characteristics of GaAs/AIGaAs HBT With ........... 2
2 Gummel Plot for GaAs/AlGaAs HBT .................................... 3
3 Gumnmel Plot for AlGaAs/Ino iGao9qAs/GaAs HBT........................ 3
4 Gummel Plot for AlGaAs/Inol15 Gao.85 As/GaAs HBT..................... 4
5 Gummel Plot tor AIGaAsfIno.2Gao.8As/GaAs HBT........................ 4
6 InGaAsflnAL4s on InP HBT dc Characteristics With InGaAlAs Transition

Layer.................................................................... 6
7 Gummel Plot for InGaAsfInAlAs SHBT on InP.......................... 7
8 Common Emitter I-V Characteristics of 9 x 9 pm2 InGaAs/InAlAs SHBT..8
9 InGaAs/lnAlAs DHBT Common Emitter I-V Characteristics ............... 10
10 X-Ray Rocking Curve Spectra for Identical SHBT InGaAs/InAlAs HBT

Structures...............................................................11
I1I Common Emitter I-V Characteristics of InGaAs/lnAlAs SHBT on GaAs ... 12
12 Cur-rent Gain hFE Versus Collector Current for InGaAs/lnAlAs SHBT and

DHBT..................................................................12
13 Self-Aligned HBT With 4 x 4 jim2 Emitter.............................. 16

LIST OF TABLES
TABLE PAGE

I Performance Goals of Millimeter-Wave HBTs ........................... 1
2 InGaAs/lnAlAs SH-BT Structure on InP................................... 5
3 InGaAs/InAlAs SHBT Structures With High BVcbo (Collector

Thicknesses 1 pgm and 2 gim)............................................ 8
4 BVcb0 and BVceo for InGaAs/InAlAs SHBTand DHBT Structures.......... 13
5 Vertical Structure of GaAs/AlGaAs pnp SH-BT ...................13
6 Structure of InGaAs/InAlAs pnp SHBT .................................. 14
7 Transistor Dimensions for New Mask Set................................. 15



TABLE OF CONTENTS
SECTION TITLE PAGE

I. SUMMARY OF PROGRAM GOALS ............................................... 1
II. PR O G R ESS .......................................................................... 2
III. FUTURE PLAN S ..................................................................... 17

LIST OF ILLUSTRATIONS
FIGURE PAGE

1 Common Emitter I-V Characteristics of GaAs/AlGaAs HBT With ............... 2
2 Gummel Plot for GaAs/A1GaAs HBT ............................................ 3
3 Gummel Plot for AIGaAs/In0.jGa0.9 As/GaAs HBT ............................... 3
4 Gummel Plot for AlGaAs/In0. 15 Ga0.85As/GaAs HBT ......................... 4
5 Gummel Plot for AlGaAs/In0.2Ga0.8As/GaAs HBT ............................ 4
6 InGaAsfInAlAs on InP HBT dc Characteristics With InGaAlAs Transition

L ayer .................................................................................. 6
7 Gummel Plot for InGaAs/InAlAs SHBT on InP ............................... 7
8 Common Emitter I-V Characteristics of 9 x 9 im 2 InGaAs/inAlAs SHBT ..... 8
9 InGaAs/InAlAs DHBT Common Emitter I-V Characteristics .................... 10
10 X-Ray Rocking Curve Spectra for Identical SHBT InGaAs/InAlAs HBT

S tructures ............................................................................... 11
11 Common Emitter I-V Characteristics of InGaAs/InA1As SHBT on GaAs ...... 12
12 Current Gain hFE Versus Collector Current for InGaAslnAlAs S-BT and

D H B T ................................................................................... 12
13 Self-Aligned HBT With 4 x 4 gtm 2 Emitter ..................................... 16

LIST OF TABLES
TABLE PAGE

I Performance Goals of Millimeter-Wave HBTs .................................. 1
2 InGaAs/InAlAs SHBT Structure on InP ......................................... 5
3 InGaAs/InAlAs SHBT Structures With High BVcbo (Collector

Thicknesses 1 gtm and 2 R.tm) ...................................................... 8
4 BVcbo and BVceo for InGaAs/lnAlAs SHBTand DHBT Structures ............. 13
5 Vertical Structure of GaAs/AIGaAs prip SHBT ................................. 13
6 Structure of InGaAsflnAlAs pnp SHBT ......................................... 14
7 Transistor Dimensions for New Mask Set .......................................... 15

iii



INTERIM TECHNICAL REPORT NO. 1
FOR

EHF HETEROJUNCTION BIPOLAR TRANSISTORS
CONTRACT NO. N00014-88-C-0613

I. SUMMARY OF PROGRAM GOALS

The aim of this program is development of a heterojunction bipolar transistor (HBT) for
power generation and amplification at millimeter-wave frequencies. The device will be produced

on a semi-insulating (SI) GaAs substrate for monolithic compatibility and will have InGaAs/

InP(InAlAs) active layers. The development program will consist of nine tasks addressing the
development of materials, processing, and device modeling.

Task I addresses the growth of EHF HBT structures on InP substrates to establish the
optimum device structure on GaAs substrates. Task 2 addresses the growth of the optimum device
structure. In Task 3, HBT structures are characterized to aid in materials development.

Tasks 4, 5, and 6 are the design and fabrication of initial HBT structures, process

development, and performance optimization of devices based on InGaAs/InP(InAlAs) structures
grown on GaAs substrates.

Task 7 is the development of complementary HBT structures. The optimized npn and pnp

structures will be integrated on the same wafer under this task to produce complementary devices
with higher output power and efficiency. Task 8 consists of millimeter-wave measurement and

characterization to aid in device development. In Task 9, we will undertake comprehensive device
modeling, also to aid in device development and optimization.

The program objective is fabrication and characterization of heterojunction bipolar

transistors with the performance goals listed in Table 1.

Table 1. Performance Goals of Millimeter-Wave HBTs Accesion For

Frequency Output Gain Efficiency NTIS CRA&I
(GHz) Power (W) (dB) (%) DTIC TAB

44 1 6 40 Unannowio:jn
Justification

60 0.5 6 30
94 0.25 6 20 By

Distribution I
Availability Lodes

A.aI and/or

Dist j Special



II. PROGRESS. -

Tidetermine if strained layers can be used to enhance device performance for GaAs-based

HBTs (Tasks 4 and 5), we have investigated the use of InGaAs layers in the base and emitter cap

layer. The purpose is to aid in formation of ohmic contacts and, in th, case of InGaAs in the base

region, also to serve as an etch stop. Figure 1 shows the common-emitter characteristics of a

large-area AlGaAs/GaAs HBT wi(a 100 A Ino. 1Ga0.9 As etch-stop layer in the base. The current

gain is about 100, and the bad-doping is 1 x 19 cm-3 . A device with 2-pm-wide and 20-pm-long

emitter fingers exhibited :t current gain cutoff frequency Ft of 35 GHz, and a maximum frequency

of oscillation of 40 GHz. he performance of this device is comparable to that of a GaAs/AIGaAs
control device with no InGaAs layers, so we conclude that the use of InGaAs contact layers does

not significantly improve performance. However, the use of an InGaAs etch-stop layer in the base

greatly simplifies device processing, which will enable us to use thinner base regions with reduced

transit times and, therefore, will improve device frequency response. _ .

A series of structures with 100 A InGaAs base etch-stop layers with InAs mole fractions x

between 0.0 and 0.20 indium composition was grown and characterized. Figures 2 through 5 are
the Gummel plots for these layers with x = 0.0, 0.10, 0.15, and 0.20, respectively. These figures

indicate that the effect of an increase in InAs mole fraction is a reduction in current gain at low

collector current densities. This is consistent with the expected increase in recombination center

density as the InAs mole fraction at the emitter-base junction is increased with the InGaAs

thickness remaining constant. The device with x = 0.20 showed a current gain less than unity for

collector currents up to 50 mA. A thinner layer would result in less stress, but InGaAs layers of

under 100 A thickness are not very effective in serving as etch-stop layers.

Figure 1
Common Emitter I-V Characteiistics of GaAs/AIGaAs HBT With

100-A-Thick In0.1Ga 0 .9As Layer in the Base
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In accordance with task 1, we are investigating InGaAs/InAlAs HBTs on InP substrates.
We have already demonstrated the capability of growing InGaAs/InAlAs structures on 2-inch-

diameter InP substrates without the use of indium bonding. This enables us to have a compara-
tively high throughput of pieces for fabrication.

Both single and double heterojunction structures have been investigated. Table 2 shows
the layer structure of one of the first SHBT structures that was fabricated under this program.

Optimization of the base-emitter junction resulted in very high current gains. Figure 6 shows the
common-emitter characteristics for this device. A current gain as high as 1,000 was observed for

some devices. Also shown in this figure are the base-collector homojunction and base-emitter
heterojunction forward diode characteristics for this device. Both tum-on values are under 1 V; the

base-collector turn-on voltage is under 0.5 V, a result of the narrow bandgap of the InGaAs. The

large difference in tum-on voltages accounts for the collector-emitter offset that can be observed in
the current-voltage characteristics. A Gummel plot for this device is shown in Figure 7. As can

be seen, the current gain is nearly constant over the entire range of current, and there is a very low
level of recombination current. The ideality factor for both the base and collector current is 1.3,

and the nonideal pawt of vhp collector current is probably caused by tunneling of electrons at the

emitter-base heterojunction as a result of the large conduction-band discontinuity. Unfortunately,
the base-collector reverse breakdown voltage (BVcbo) was only 5 V, 2 V smaller than a similarly

structured GaAs/A1GaAs HBT.

Table 2. InGaAs/InAIAs SHBT Structure on InP
Layer Doping Thickness

(cm - 3 ) (Rm)

n+ In0.53GaO.4 7As I x 1019 0.10

Grading InAlAs-+InGaAs 5 x 1018 0.05

n InO.52AI0.48As 2 x 1017 0.1

Grading InGaAs-InAlAs 2 x 1017 0.01

n+ In0.53GaO.4 7As I x 1018 0.007

p+ InO. 53GaO.4 7As l x 1019 0.1

n InO.53GaO.47As 3 x 1016 0.5

n+ InO. 53GaO.4 7As 5 x 1018 0.5

Buffer Undoped 1.0
SI Substrate Undoped 500 (nom.)

5



(a) Common Emitter I-V Characteristics

7777 100i

(h) Junction Turn-On Characteristics

Figure 6

InGaAs/InAlAs on InP H-LBT dc Characteristics With LnGaAJAs Transition Layer
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Figure 7

Gummel Plot for InGaAs/InAlAs SHBT on InP

For power applications, a larger value of BVcbo is needed. With this in mind, two SHBT

structures shown in Table 3 were grown with 1- and 2-pm-thick collector layers doped 2 x 1016

and I x 1016 cm- 3, respectively. These layers exhibited large breakdown voltages, the highest we

know of for InGaAs/nAIAs SHBTs. The device with the 1-p.m-thick collector exhibited a BVcbo

of 16 V and a BVceo of 7.0 V at a collector current of 100 KA for a 9 x 9 pm2 device, and a BVcbo

of 19 V and a BVceo of 8.5 V for an 11 x 11 .In2 device. A current gain of 15 was observed at a

current density of 50 kA/cm 2. The low value of current gain was thought, in part, to result from

the high base doping level (1 x 1020 cm- 3) for this layer. Figure 8 shows the common emitter

characteristics for this device. The layer with the 2-p.m-thick collector yielded devices with an even

higher BVcbo of 25 V, with a BVceo of 7.5 V foi a 13 x 13 Wn2 device. This device exhibited

poor dc characteristics, however, and had a substantial base-collector reverse-bias leakage current,

despite the high breakdown voltage. The latter may account for the BVceo for this device being

only marginally higher than the BVceo for the first device, despite the significantly higher BVcbo

and lower current gain (only 5). It is likely that this structure is so thick that the qualit) of the

epitaxial layer may suffer because of the much longer growth time required. For high-frequency

7



performance, these structures will exhibit lower collector capacitances but higher coller'or transit

time; a rough calculation predicts hat Ft, assuming no delay caused by parasitic resistances and

capacitances, would be limited to under 54 GHz and 35 GHz for the 1-gm-thick collector layer and

the 2-jrm-thick collector layer (both with a 1,000-A base), respecti-, ely. Clearly, neither of these

structures will meet the 60- or 94-GHz program goals.

Table 3. InGaAs/InAIAs SHBT Structures With High
BVcbo (Collector Thicknesses 1 jim and 2 gm)

Layer Doping Thickness
(cm- 3 ) (Rim)

n+ InC-aAs I x 1019 0.20

n+ InA1GaAs I x 1019 0.05

n+ InAlAs 1 x 1019 0.02

n InAlAs 2x 1017 0.10

n+ InGaAs I x 1018 0.01

p+ InGaAs I x 1020 0.10

n- InGaAs 2 x 1016 or 1 x 1016  1.00 or 2.00

n+ InGaAs 1 x 1019 0.80

SI InP Substrate Undoped 625

I im..l.

Figure 8

Common Emitter I-V Characteristics of 9 x 9 jim 2 InGaAs/lnAlAs SHBT

(Collector Thickness = 1 prn, BVcbo = 16 V, BVceO = 7 V)
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In our effort to fabricate a high breakdown voltage InP-based HBT, we have experimented

with several InGaAs/InAlAs DHBT structures. Large-area DHBT structures with current gains of

100 and breakdown voltages of 12 to 18 V were fabricated, but these devices also suffered from

large offset voltages (several volts) because of a conduction-band spike that blocks electrons at the

base-collector interface. This layer had a 60-k-thick graded layer at the base-collector interface.

By introducing a 300-A graded InGaAlAs n-type spike (n = 1 x 1018), we managed to eliminate

the offset voltage, but at the cost of a low BVcbo (5 V at 100 RA), defeating the purpose of the

double heterojunction structure. Common emitter characteristics of these two devices are shown in

Figures 9(a) and 9(b), respectively.

We have also investigated InGaAs/InAlAs structures on GaAs substrates (Task 2). SHBT

and DHBT structures were grown by MBE at Texas Instruments on both InP substrates and on

lattice-mismatched GaAs substrates with InP buffer layers grown by MOCVD, the latter supplied

by Spire Corporation. Figure 10 shows x-ray rocking curve spectra for identical SHBT structures

grown on an InP substrate and on a GaAs substrate with an InP buffer layer. All devices exhibited

excellent I-V characteristics; Figure 11 shows the common emitter I-V characteristics of an

InGaAs/InAlAs SHBT grown on GaAs with an InP buffer layer. Figure 12 shows current gain

hFE versus collector current for HBTs with emitter sizes of 11 x 11 pm 2 . At a current of 10 mA

(8 kA/cm 2 ), the DHBT on InP showed a current gain of 300, the DHBT on GaAs a current gain

of 100, the SHBT on InP a current gain of 200, and the SHBT on InP a current gain of 80. As

can be seen, each device (except the SHBT on InP) exhibits a roughly square-root dependence of

current gain on collector current, as is commonly observed in GaAs/AIGaAs HBTs. A Gummel

plot of the DHBT on GaAs revealed a high level of leakage current, although this was not observed

on the other three devices. The current gain at low collector current levels for the DHBT structures

is probably limited because of the difficulty of growing high-quality InGaAs on top of InAlAs; for

the HBTs on GaAs, their relatively rough surface morphology, in addition to the propagation of

defects through the layers, resulted in a high level of recombination current.

Data on the breakdown voltages BVcbo and BVceo for these four layers are presented in
Table 4. Several trends are clear. First, double heterojunction devices do not show a big

improvement in BVcbo despite a higher collector-layer bandgap, which would be expected to

reduce avalanche breakdown. This effect was previously noted in this report. BVcbo is clearly

higher for the layers on InP than for the layers on GaAs, a result of higher crystal quality and

lower defect levels. However, BVceo is larger for the SHBT on GaAs than for the SHBT on InP,

a likely result of the smaller current gain for this device, as:

BVceo = BVcbo/P l /n

9



(a) 60 ACollector-Base Graded Layer

(b) 300 ACollector-Base Graded Layer With n-Type Spike

Figure 9
InGaAs/lnAIAs DHBT Common Emidtter INV Characteristics
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Figure 10
X-Ray Rocking Curve Spectra for Identical SHBT InGaAs/InALAs HBT Structures
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Figure 11I
Commnon Emitter INV Characteristics of InGaAsflnAlAs SHBT on GaAs

(Emitter Size =l 11 Ip2)

103

102-

I

DHBT on
InP

101-

SHOT on
GaAs

110
05 0-4  101-2 10.1

1c (A)

Figure 12
Current Gain hFE Versus Collector Current for InGaAs/lnmAs SHBT and DHBT

Structures on GaAs and InP Substrates
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Table 4. BVcbo and BVceo for InGaAs/InAIAs SHBT and DHBT Structures
on lnP and GaAs

SHBT on InP SHBT on DHBT on InP DHBT on
GaAs GaAs

BVcbo le = 0, Ic =1 A 1.1 V 0.8 V 2.5 V 0.3 V

10 lA 2.4 V 2.3 V 3.4 V 0.7 V

100 IA 4.6 V 4.8 V 4.8 V 1.6 V

BVceo Ib = 0, Ic =1 gA 0.9 V 0.7 V 1.3 V 0.5 V

10 iA 1.1 V 1.5 V 1.6 V 0.8 V

100 RA 1.7 V 2.9 V 1.9 V 1.3 V

While the HBTs on InP exhibited superior dc performance to the HBTs on GaAs, the performance

of the HBTs on GaAs with InP buffers merits further study.

An SHBT structure on GaAs was also grown with an In 0 .53GaO.47As buffer layer that has

an otherwise identical structure to those grown with an InP buffer layer. Unfortunately, this

SHBT structure had a poor surface morphology, much worse than had been noticed on the InP

buffer structures, and the current gain was limited to 10, with a high level of leakage current and

low diode breakdown voltages. This reaffirms our opinion that InP is the most suitable material

for a buffer layer for indium-based compounds on GaAs.

In addition to npn structures, we have also investigated pnp structures (Task 7). A large-

area GaAs/AlGaAs pnp showed a current gain of 100 at a current density of 400 A/cm2 . In

addition, the breakdown voltage for this structure, shown in Table 5, was 20 V. We have also

designed an InGaAs/lnAlAs pnp HBT structure which we expect to receive in early 1990, shown

in Table 6.
Table 5. Vertical Structure of GaAs/AIGaAs pop SHBT

Layer Doping Thickness
(cm- 3 ) (1m)

p+ GaAs 1 x 1019 0.10

p Grading 1 x 1018  0.03

p A10.3Ga0 .7As 2 x 1017 0.05

n+ GaAs 1 X 1018 0.09

p GaAs 2 x 1016  1.0

p+ GaAs 1 x 1019  1.5

AIGaAs Buffer Undoped 0.3
SI Substrate Undoped 625

13



Table 6. Structure of InGaAs/InAIAs pnp SHBT

Layer Doping Thickness
(cm- 3 ) (m)

p+ InGaAs I x 1019 0.20

p+ InGaAlAs 1 x 1019 0.05

p+ InAlAs 1 x 1019 0.02

p InAlAs 2 x 1017 0.10

n+ InGaAs 1 x 1019 0.10

p- InGaAs 3 x 1016 0.70

p+ InGaAs 1 x 1019 0.80

SI InP Substrate Undoped 625

Finally, we have designed and received a new mask set to be used specifically for

InGaAs/lnAlAs HBTs on GaAs substrates. Figure 13 shows the design of a self-aligned HBT

with a 4 x 4 pm 2 emitter. Table 7 summarizes the dimensions of the different transistor structures

that will be investigated with this mask set. The TIX and T3X series are similar, as are the T2X

and T4X series. The transistor shown in Figure 13 is TID. The mask set has seven levels, and

the process flow is as follows. First, the emitter ohmic metal is evaporated and lifted off. Then,

dry etching is used to reach the base mesa. Following this, nitride sidewalls are formed, and the

base metal is evaporated, self-aligned to the emitter. After that, a collector etch is performed, and

the collector metal is deposited into the etched portion defined by the collector etch. An isolation

(wet) etch is performed, and gold is deposited on the patterned substrate to form contact pads.

Then, a dielectric layer is deposited on the entire substrate, vias are etched in the dielectric, and

gold plating connects the ohmic metals with the probe pads.

14



91.580 90.410 89.240 88.070 86.900 85.730 84.560 83.390 82.M2 81.050

01022

Figure 13

Self-Aligned HBT With 4 x 4 jim2 Emitter
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Table 7. Transistor Dimensions for New Mask Set

Position Emitter Base Mesa Isolation Mesa -Emitter Vias

TIA 5 x 5 13 x (7,5) 31 x (12,10,8) 3 x 3
TIB 5 x 5 12 x (7,4) 30 x (12,10,7) 3 x 3
TIC 4 x4 12 x(6,5) 30 x (12,9,8) 2x 2
TiD 4 x4 11 x(6,4) 29 x(12,9,7) 2x 2
TIE 4 x4 11x (6,4) 29 x(12,9,7) 2x 2

T2A 10 x (4,2) 16 x (6,4) (34,33) x 13 2 x 2
T213 15 x (4,2) 21 x (6,4) (39,38) x 13 2 x 2
T2C 10 x(3,2) 16 x(5,4) (34,33) x12 2x 2
T213 15 x (3,2) 21 x (5,4) (39,38) x 12 2 x 2
T2E 10 x (3,2) 16 x (5,4) (34,33) x 12 2 x 2

T3A 5 x 5 13.5 x (7,5) 32 x (12,10,8) 3 x 3
T3B3 5 x 5 12.5 x (7,4) 31 x (12,10,7) 3 x 3
T3C 4 x 4 12.5 x (6,5) 31 x (12,9,8) 2 x 2
T313 4x4 11.5 x (6,4) 30 x (12,9,7) 2 x2
73E 4 x4 11.5 x(6,4) 30x (12,9,7) 2x 2

T4A 10 x (4,2) 16 x (7,5) (35,34) x 15 2 x 2
T413 15 x (4,2) 21 x (7,5) (40,39) x 15 2 x 2
T4C 10 x (3,2) 16 x (6,5) (35,34) x 14 2 x 2
T4D3 15 x (3,2) 21 x (6,5) (40,39) x 14 2 x 2
T4E 10 x (3,2) 16 x (6,5) (35,34) x 14 2 x 2

Note: More than one length or width in a given dimension is indicated by parentheses 0

16



III. FUTURE PLANS

In the next year, we plan to fully develop our self-aligned HBT fabrication procedure,

optimizing our dry-etch process with a Plasma Quest ECR reactor. We also intend to develop a

method to fabricate small geometry structures with a suitable isolation technique for reducing

parasitic device capacitance. Also, we expect to start the millimeter-wave measurement and
characterization of InGaAs/InAlAs HBTs, and develop a large-signal device model of the HBT.

We will also study the tradeoffs involved in collector design for SHBT layers. Collector

doping and thickness are the key parameters for this program, as it is likely that collector transit

time will limit high-frequency performance, and base-collector breakdown will limit power output.

For the 5 x 5 jun emitter structure on our mask set (device TIB), for instance, with an 800-k base

layer doped 1 x 1020 cm- 3, an emitter doped 1 x 1018 cm- 3 , and a 1-pm-thick collector doped 2 x
1016, we estimate an Ft of 52 GHz, and a BVcbo of 19 V. For a similar structure with a 4,000-k-

thick collector, we estimate an Ft of 77 GHz and a BVcbo of 8 V; BVceo will be even smaller. For

the same structure, it would take a collector thickness of 2,000 A (and an associated BVcbo of 3 V)

to obtain an Ft of 94 GHz. The immediate objective for the year is to fabricate an HBT with an

output power of I W at a frequency of 44 GHz, with a gain of 6 dB and an efficiency of 40

percent. We intend to achieve this with an InGaAs/InAlAs SHBT structure on GaAs.

In accordance with the program tasks, we also intend to fabricate, test, and model pnp

InGaAs/InAlAs structures, both on InP and GaAs, as well as both npn and pnp InGaAs/InP

SHBT and DHBT structures grown by MOCVD and gas-source MBE.
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